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Abstract
We propose a model that explains the fermion mass hierarchy by the Froggatt-
Nielsen mechanism with a discrete ZFN symmetry. As a concrete model, we study a
supersymmetric model with a single flavon coupled to the minimal supersymmetric
Standard Model. Flavon develops a TeV scale vacuum expectation value for realizing
flavor hierarchy, an appropriate µ-term and the electroweak scale, hence the model
has a low cutoff scale. We demonstrate how the flavon is successfully stabilized
together with the Higgs bosons in the model. The discrete flavor symmetry ZFN
controls not only the Standard Model fermion masses, but also the Higgs potential
and a mass of the Higgsino which is a good candidate for dark matter. The hierarchy
in the Higgs-flavon sector is determined in order to make the model anomaly-free
and realize a stable electroweak vacuum. We show that this model can explain
the fermion mass hierarchy, realistic Higgs-flavon potential and thermally produced
dark matter at the same time. We discuss flavor violating processes induced by the
light flavon which would be detected in future experiments.
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1 Introduction
The origin of hierarchical structure of the fermion masses and the CKM matrix is a long
standing mystery in the Standard Model (SM). The Froggatt-Nielsen (FN) mechanism [1]
is known to be one of solutions for this problem. Based on the mechanism, a singlet field,
the so-called flavon, and a flavor dependent extra symmetry are introduced to the SM, so
that the hierarchy between the Yukawa couplings are explained by powers of a ratio of a
vacuum expectation value (VEV) of flavon to a cutoff scale of a model: A source for the
fermion mass hierarchy is given by
 :=
〈S〉
Λ
 O (1) , (1)
where S is a flavon and Λ is a cutoff scale. It is well known that the FN mechanism
successfully explains the fermion mass hierarchy and the CKM matrix [2].
It is required for realizing the hierarchy that a flavon is a singlet under the SM gauge
symmetry but carries a flavor symmetry charge and develops a non-zero VEV. Any particle
can be identified as a flavon as far as these properties are satisfied 1. According to the
FN mechanism, a U(1) flavor symmetry which is denoted as U(1)F is often used. If the
U(1)F is a global symmetry, it may be violated by quantum gravity effects according to
the standard lore [9–19]. If the U(1)F is gauged as in string motivated models, it can be
also broken to a discrete symmetry [20–22] as a discrete gauge symmetry [23–28]. Flavor
models with discrete symmetries are being well studied recently, and the vacuum analyses
in such models appear to be complex owing to a number of scalar fields [29–32]. See also,
e.g., Refs. [33,34] for string models 2. In this paper, we will focus on a simple model with
a discrete abelian flavor symmetry.
In general, a flavon S can always have couplings to the Higgs boson H, such as
V 3 c |S|2 |H|2 or c′ S
N
ΛN−2
|H|2 . (2)
The former will appear for a U(1)F flavor symmetry, whereas both two terms can appear
for a ZN flavor symmetry, which is denoted as Z
F
N hereafter. Once the flavon acquires
VEV, the Higgs boson gets a mass of c〈S〉2 or c′N−2〈S〉2 at tree-level. Therefore, 〈S〉2
should be comparable to the electroweak (EW) scale unless c and c′ are extremely sup-
pressed. Such tiny couplings of c, c′ will cause another hierarchy problem. In addition,
there is also the hierarchy problem due to quadratic divergences. These facts motivate us
to consider a supersymmetric (SUSY) model of the FN mechanism with a TeV scale 〈S〉
leading to a light flavon. Hence, Λ(= 〈S〉/) results in a cutoff scale much lower than the
Planck scale.
In this paper, we propose a SUSY extension of the SM with a flavon and a ZFN symme-
try 3. Holomorphy of the superpotential constrains flavor structure on top of a ZFN sym-
1 Recently, it is proposed that a flavon can be identified as the QCD axion [3–8]
2 See, e.g., Refs. [35, 36] for recent models with a flavor modular symmetry and also Refs. [37–40] for
such interactions in string models.
3 Models with a combination of Higgs doublets HuHd as a flavon are studied in Refs. [41–43].
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metry. The model becomes predictive, because couplings between S and H are related
to Yukawa hierarchy as in Eq. (2) on top of coupling relations within the Minimal Super-
symmetric Standard Model (MSSM). A discrete symmetry ZFN allows a self-coupling of
the flavon in the superpotential, W 3 SN/ΛN−3, and the coupling stabilizes flavon.4 This
model also provides a solution for the µ-problem in the MSSM. The Higgsino mass term in
the superpotential, the so-called µ-parameter, is written by W 3 (Sm/Λm−1)HuHd. Here
m is determined by charges of Higgs superfields, and the coupling is consistent with ZFN .
This mechanism is similar to the Next-to-MSSM (NMSSM), in which the µ-parameter is
explained by the singlet VEV 5. Crucial differences from the typical NMSSM are that the
singlet S is charged under a flavor dependent ZFN symmetry with N > 3, whereas similar
interactions can be found in string models in the presence of many scalar fields [47]. In
addition, a cutoff scale Λ is much smaller than the Planck scale.
Since the flavor symmetry ZFN controls not only the SM fermion mass hierarchy but
also the Higgs sector in this model, the vacuum structure of the scalar potential needs to
be checked. The hierarchical structure in the Higgs potential can give significant effects
to the EW symmetry breaking 6. Even in the Z3-invariant NMSSM, parameters in the
potential should be chosen carefully to obtain the realistic EW symmetry breaking [48–50].
A coupling constant for a flavon self-coupling in a superpotential should be sizable, so that
the quartic coupling∼ |S|4 stabilizes the Higgs potential while extra minimum deeper than
the EW vacuum does not exist. For the ZFN symmetry with N > 3, the Higgs potential
will be more likely to develop extra minimum, since the corresponding self-coupling of
the flavon is given by ∼ ∣∣S(N−1)∣∣2 /Λ2(N−3). Hence the potential becomes flatter. We will
discuss conditions to prevent extra minimum deeper than the EW vacuum. In addition,
the ZFN symmetry also controls the mass matrix of the Higgs boson and flavon whose mass
scales are below the flavon VEV. We will discuss new physics related to the light flavons
and the Higgs bosons.
An another aspect of this model we will discuss is dark matter (DM) candidate. In
the presence of a certain discrete symmetry, such as R-parity, the Lightest SUSY Particle
(LSP) is a good candidate for the DM. In particular, masses of the Higgsinos are quite
predictive in this model, because the masses depend on the hierarchical structure coming
from the ZFN . Note that the Higgs/Higgsino sector of this model can be regarded as a
special case of two Higgs doublet model amended by adding a flavon field and a pair of
Higgsinos which is a candidate for the DM. Finally, domain wall problem may exist in
this model [51–54]. This can be solved, e.g., when S develops VEV and ZFN is broken
during/before inflation owing to a Hubble-induced mass generated by a coupling of S to
the inflaton [55].
This paper is organized as follows. The model is introduced in Section 2. We show
conditions of charge assignments under the discrete flavor symmetry to obtain the re-
alistic Yukawa texture without introducing non-abelian gauge anomalies. In section 3,
4 For a U(1)F gauge symmetry, D-term potential will stabilize the flavon VEV. For a global U(1)F ,
flavon VEV may be stabilized by similar ways as in (fl)axion models.
5 See for reviews [44,45], and also Ref. [46].
6 In this paper, we call the potential consisting of Higgs doublets and flavon as the Higgs potential.
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we study phenomenology of this model. We will focus on the vacuum structure, DM
and phenomenology related to a light flavon. Section 4 is devoted to a conclusion. Ana-
lytic formulas in the Higgs sector, possible Ka¨hler potential corrections and the values of
Yukawa couplings in a benchmark point are shown in Appendices A, B and C, respectively.
2 Model
In this section, we introduce an abelian flavor symmetry ZFN and a flavon field S whose
the charge is 1 against ZFN : under Z
F
N , a flavon transforms as
S → e2pii/NS. (3)
The VEV explains the fermion mass hierarchy by the Froggatt-Nielsen (FN) mechanism.
This model has a cutoff scale Λ much lower than the Planck scale, so that the hierarchy
is explained by a ratio of a low scale flavon VEV to Λ 7,
 := 〈S〉/Λ. (4)
In the model, such a small VEV is also related to the Higgs potential through a coupling
e.g. c |S|2m |H|2 /Λ2m−2 ∼ 2mΛ2|H|2, which does not induce a large Higgs mass parameter
due to an  suppression. The SUSY is further introduced for several reasons. As in
the MSSM, the SUSY model is free from the gauge hierarchy problem and the LSP
becomes the good DM candidate. The SUSY is a well-motivated way to constrain a scalar
sector. For instance, quartic couplings are related to gauge or Yukawa coupling constants,
especially the Higgs quartic coupling in the MSSM is consistent with the 125 GeV Higgs
boson mass. In addition, the fermion hierarchy can be explained by a discrete symmetry
Z
F
N (with N = O(1)) due to the holomorphy of the superpotential as shown later. As in
the NMSSM, a VEV of the flavon generates the Higgsino mass term and the µ-problem is
solved. The flavon in this model couples to all the particles, such as SM fermions, Higgs
bosons as well as the DM, and their textures are controlled by the flavor symmetry ZFN .
Further, we will show that anomalies between ZFN and the SM gauge group can constrain
a coupling between the flavon and the Higgs sector. Additional discrete symmetries are
discussed for avoiding experimental constraints.
In this paper, the Ka¨hler potential is assumed to be the minimal one. Even if there
exist the higher dimensional operators in the Ka¨hler potential, they will not drastically
change our results. We discuss possible effects from these operators including kinetic term
corrections in Appendix B. Without loss of generality, the leading terms in the Ka¨hler
potential can be the canonically normalized form,
K =
∑
I
Φ†Ie
VIΦI , (5)
where ΦI ’s are any chiral superfields in this model, and VI ’s are certain combinations of
the vector superfields against ΦI . In the following, we will introduce a superpotential in
this gauge basis.
7 The FN mechanism via an inverse ratio Λ/〈S〉 is recently proposed [56,57].
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2.1 Flavon-Higgs sector
The ZFN -invariant superpotential in the model is given by
WZN =
cN
NΛN−3
SN +
cm
mΛm−1
SmHuHd +Wfermion, (6)
where Λ is the cutoff scale in the model. Here, HuHd = H
+
u H
−
d −H0uH0d . cN and cm are
O (1) coefficients. The integer m is related to the charges of Higgs bosons, nHu and nHd as
m+nHu +nHd ≡ 0 modulo N . The superpotential involving the SM fermions, Wfermion, is
introduced in the next subsection. Throughout this paper, we neglected the higher-order
terms suppressed by ΛN such as W 3 S2N/Λ2N−3.
The scalar potential of the flavon and the neutral Higgs (against U(1)em) is given by
V0 := Vsoft + VF + VD, (7)
Vsoft := m
2
S |S|2 +m2Hu
∣∣H0u∣∣2 +m2Hd ∣∣H0d ∣∣2 + (AS SNNΛN−3 − AH SmmΛm−1H0uH0d + h.c.
)
,
(8)
VF :=
∣∣∣∣cN SN−1ΛN−3 − cmSm−1Λm−1H0uH0d
∣∣∣∣2 + (∣∣H0u∣∣2 + ∣∣H0d ∣∣2) ∣∣∣∣cm SmmΛm−1
∣∣∣∣2 , (9)
VD :=
g2
2
(∣∣H0u∣∣2 − ∣∣H0d ∣∣2)2 , (10)
where H0u, H
0
d are neutral components of the Higgs doublets Hu, Hd, respectively. Vsoft,
VF and VD come from soft SUSY breaking terms, F-term potential of the superpotential
and the D-term potential, respectively. The quartic coupling constant of the D-term is
related to the gauge coupling constants as g2 = (g21 +g
2
2)/4, where g1 and g2 are the gauge
couplings constants of U(1)Y and SU(2)L. In this paper, the soft parameters are assumed
to be real.
The scalar fields are expanded around their vacuum as,
S := vs +
1√
2
(hs + ias) , H
0
u := vu +
1√
2
(hu + iau) , H
0
d := vd +
1√
2
(hd + iad) ,
(11)
where v2u + v
2
d = v
2
H ∼ 174 GeV. Suppose that vs  vH , the VEV of flavon S is approxi-
mately determined by the scalar potential
VS = m
2
S |S|2 +
∣∣∣∣cN SN−1ΛN−3
∣∣∣∣2 + (AS SNNΛN−3 + h.c.
)
. (12)
The flavon VEV satisfies
vN−2s ∼
ΛN−3
2(N − 1) |cN |2
[
−AS +
√
A2S − 4(N − 1) |cN |2m2S
]
. (13)
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At the potential minimum, mass eigenvalues for the CP-even and CP-odd flavons are
given by
m2hs = 2(N − 1)(N − 2)
(
cN
N−3vs
)2
+ AS(N − 2)N−3vs +O
(
v2H
)
, (14)
m2as = −NASN−3vs +O
(
v2H
)
. (15)
Here, the soft mass terms are eliminated by the vacuum condition. In this limit, the
minimization conditions for the doublet Higgs bosons are similar to that for the MSSM,
1
2
m2Z = − |µeff |2 +
m2Hu tan
2 β −m2Hd
1− tan2 β ∼ − |µeff |
2 −m2Hu +O
(
m2Hd
tan2 β
)
, (16)
2µeffBeff
sin 2β
= 2 |µeff |2 +m2Hu +m2Hd + λ2effv2H , (17)
where tan β = vu/vd, λeff = cm
m−1, µeff = cm/m ·m−1vs and Beff = AH/cm+cNmN−3vs.
The full Higgs mass matrices and the vacuum conditions are shown in Appendix A.
The Higgsino mass matrix with decoupled gauginos is given by
(
H˜d H˜u S˜
)
0 −µeff −mµeff · vu/vs
−µeff 0 −mµeff · vd/vs
−mµeff · vu/vs −mµeff · vd/vs mS˜


H˜d
H˜u
S˜
 , (18)
where S˜ is a SUSY partner of the flavon S called flavino, and
mS˜ := cN(N − 1)N−3vs − cm(m− 1)m−1
vuvd
vs
(19)
is approximately a mass of the flavino. The charged Higgsino mass is given by µeff .
2.2 SM fermion mass and mixing
The ZFN -invariant superpotential involving the SM fermions is given by
WFermion = c
u
ij
(
S
Λ
)ηuij
uRiQLjHu + c
d
ij
(
S
Λ
)ηdij
dRiQLjHd
+ ceij
(
S
Λ
)ηeij
eRiLLjHd + c
n
ij
(
S
Λ
)ηnij
NRiLLjHu +
1
2
MijNRiNRj , (20)
where i, j = 1, 2, 3 run over the three generations. Here, we assume that the right-
handed neutrinos have charge N/2, so that they have Majorana masses 8. The powers ηfij
(f = u, d, e, n) obey
−ηuij ≡ nHu + nui + nQj , −ηdij ≡ nHd + ndi + nQj , (21)
−ηeij ≡ nHd + nei + nLj , −ηnij ≡ nHu + nni + nLj , (22)
8 N should be an even number from this assumption.
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modulo N . Hereafter, “≡” stands for modulo N if it is not mentioned explicitly. nX is a
charge of a field X under the ZFN flavor symmetry. The Yukawa couplings to the Higgs
bosons are induced after the flavon S acquire a non-zero VEV,
Y fij = c
f
ij
(vs
Λ
)ηfij
, f = u, d, e, n. (23)
Since the maximum power of the Yukawa hierarchy is N − 1 under the ZFN , it is assumed
that the size of suppression factor is as small as the top to up quark mass ratio:
N−1 =
(vs
Λ
)N−1
=
mu
mt
∼ 7.5× 10−6. (24)
A combination HuHd/Λ
2 can couple to the Yukawa couplings, depending on the charge
assignment, but these will give negligible effects for vs  vH . It is noted that the holomor-
phy of superpotential is important to prevent couplings involving S† to fermions. Since
a charge of S† is N − 1, once a coupling of L 3 (S/Λ)ηOyukawa is allowed by the dis-
crete symmetry, L 3 (S†/Λ)N−ηOyukawa is also allowed, where Oyukawa is a Yukawa type
operator. Thus, the maximal power becomes N/2 for even N or (N + 1)/2 for odd N
effectively if there is no holomorphy in the Yukawa couplings. Hence it is assumed in this
paper that the SUSY should remain unbroken below the cutoff scale Λ in order to explain
the fermion hierarchy with a small N .
So far, we assumed that the Ka¨hler potential is the canonical one and the Yukawa
couplings originate only from the superpotential, but let us discuss Yukawa couplings
from higher dimensional Ka¨hler potential. To justify our discussion, Yukawa couplings
from Ka¨hler potential of K 3 S†Oyukawa/Λ2 should be suppressed, when it is compared
to a superpotential contribution W 3 (S/Λ)N−1Oyukawa. Since a VEV of F-term of the
flavon is given by 〈
F †S
〉
= −
〈
∂W
∂S
〉
= −cNN−3v2s + cmm−1vuvd, (25)
the Yukawa couplings from the Ka¨hler potential is as small as the ones from the superpo-
tential,
〈
F †S
〉
/Λ2 ∼ N−1, where N−1 is comparable to a smallest Yukawa coupling. Thus
the higher dimensional terms in the Ka¨hler potential does not alter the texture of Yukawa
matrices in the superpotential and only change O (1) coefficients per order. We absorb
this effect in definitions of the O (1) coefficients cfij in the superpotential. See Appendix
B for more details of Ka¨hler potential.
2.2.1 An example: N = 4 case
We will consider N = 4 case as an example of the minimal extension of the Z3-invariant
NMSSM, and we have W 3 S4/Λ. In this case, we obtain
 ∼ 0.02, (26)
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and it may be able to explain the hierarchy of the charged fermions and the CKM elements
involving the third generation. The Cabbibo angle ∼ 0.22 ∼ 1/2 is regarded as an O (1)
value and explained with an O (1) tuning of holomorphic Yukawa coupling. The matrix
element Vcb is naturally addressed by  ∼ 0.02 as shown below. Smaller N makes harder
to explain the hierarchical structure of the fermion masses and mixing at the same time.
For example, in the case of N = 3,  ∼ 0.004 |Vcb| is expected from the top to up quark
mass ratio, but this will be too small to explain the other hierarchies. For N ≥ 6 cases,
 ∼ 0.22, which is often considered, is allowed. The superpotential W 3 SN/ΛN−3 with
a larger N makes the scalar potential flatter along the S direction. Hence, more careful
parameter choice will be required to stabilize the flavon field and to realize the realistic
EW vacuum. The stability of the EW vacuum is non-trivial even in the usual NMSSM
with N = 3, as discussed in Refs. [48–50].
In this case, an ansatz of hierarchical structure of the Yukawa matrices,
Yu ∼

3 3 2
  1
  1
 , Yd ∼ k

2 2 
  1
  1
 ,
Ye ∼ k

2 2 2
1 1 1
1 1 1
 , Yn ∼ `

1 1 1
1 1 1
1 1 1
 , (27)
leads to the charged fermion mass hierarchy
(mu,mc,mt) ∼ (3, , 1), (md,ms,mb) ∼ k(2, , 1), (me,mµ,mτ ) ∼ k(2, 1, 1), (28)
and the CKM and PMNS matrices
VCKM ∼

1 1 
1 1 
  1
 , VPMNS ∼

1 1 1
1 1 1
1 1 1
 , (29)
which are consistent with the observed values. Here, k ≤ 1 and ` ≤ 3 for N = 4.
The integer k is related to tan β as kmt/mb ∼ tan β. Hence, k ≤ 1 is required for
1 . tan β . 50, so that the Yukawa coupling constants are perturbatively small. The
integer ` related to a scale of the Majorana mass M0 as mν ∼ 2`v2u/M0 via the see-saw
mechanism, where mν is a neutrino mass. To realize the above Yukawa matrices, the
conditions of charge assignment are given by
nQi ≡ (nQ3 − 1, nQ3 − 1, nQ3), nLi ≡ (nL3 , nL3 , nL3),
nui ≡ (nu3 − 2, nu3 , nu3), nei ≡ (ne3 − 2, ne3 , ne3),
ndi ≡ (nd3 − 1, nd3 , nd3), nni ≡ (2, 2, 2), (30)
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and ZF4 invariant conditions in the Yukawa couplings are shown as
nHu + nQ3 + nu3 ≡ 0, nHd + nQ3 + nd3 + k ≡ 0,
nQ3 + nd3 ≡ nL3 + ne3 , `+ nHu + nL3 + 2 ≡ 0, (31)
modulo N . Here, all discrete charges of n’s are integers. The condition Eq. (30) is to
explain the hierarchy between the flavors and Eq. (31) is to explain the third generation
fermion masses. The neutrinos have universal charge under the flavor symmetry ZF4 , so
that the large mixing in the PMNS matrix is realized. With this ansatz, O (1) values of
PMNS matrix are naturally explained by the flavor symmetry ZF4 . The small hierarchies
between neutrino masses are explained with a choice of O(1) Yukawa couplings since a
neutrino mass squared is proportional to fourth power of the Yukawa couplings. It is
possible to explain the hierarchal neutrino masses also by an introduction of additional
discrete symmetries [29–31, 58–63]. In this paper, we do not introduce such additional
symmetries, and we show a set of values of O (1) coefficients which explain the neutrino
mass differences accidentally. See numerical values exhibited in Appendix C for realistic
Yukawa couplings and Majorana masses.
2.2.2 Constraint from anomalies in N = 4 case
We show that a way of a coupling of S to the Higgs sector, W 3 SmHuHd/Λm−1, is
constrained in terms of anomalies of the discrete symmetry between ZF4 and the SM
gauge symmetries. The abelian discrete symmetry ZF4 may potentially induces anoma-
lies [64–69]. If there exist such anomalies, the discrete symmetry is no longer a symmetry
in theories and explicit violation terms against the discrete symmetry are induced by
quantum effects. The anomalies of ZF4 - SU(2)
2
L and Z
F
4 -SU(3)
2
C are absent if
ASU(2)L = nHu + nHd +
∑
i
(3nQi + nLi) ≡ nHu + nHd + nQ3 + 3nL3 − 2 ≡ 0,
ASU(3)C =
∑
i
(2nQi + nui + ndi) ≡ 2nQ3 + 3nu3 + 3nd3 − 3 ≡ 0, (32)
are satisfied. Here, 4nΦI ≡ 0 modulo 4, where ΦI ’s are any chiral superfields. The
conditions Eqs. (31) and (32) are arranged to
nHu + nHd ≡ 3(1 + k), nQ3 + 3nL3 ≡ 3 + k, nu3 ≡ 3(nHu + nQ3),
nd3 ≡ −k + 3(nHd + nQ3), ne3 ≡ 3(1 + nHd + nQ3), 2− ` ≡ nHu + nL3 . (33)
From the above, W 3 SmHuHd/Λm−1 shows the charge relation of
m+ nHu + nHd = m+ 3(1 + k) ≡ 0 (34)
modulo 4, thus it is found that m = 1, 2 for k = 0, 1, respectively. Note that m = 3 is not
allowed. Now there exist nine parameters of (nQ3 , nu3 , nd3 , nL3 , ne3 , nHu , nHd , k, `) and six
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constraints of Eq. (33). Altogether, we can regard (k, nHu , nQ3) as three free parameters,
so there are 2× 4× 4 = 32 ways to choose them.
Although from the bottom-up viewpoint we do not know a normalization of the U(1)Y
which may be embedded into a larger (grand unified) gauge group at a higher energy scale,
the anomaly of ZF4 with U(1)Y could provide some insights. With a normalization factor
NY which is assumed to be fractional, the anomaly-free condition is given by
AU(1)Y = NY
[
1
2
(nHu + nHd) +
∑
i
(
1
6
nQi +
4
3
nui +
1
3
ndi +
1
2
nLi + nei
)]
=
NY
3
[
3
2
(nHu + nHd) +
3
2
nQ3 + 12nu3 + 3nd3 +
9
2
nL3 + 9ne3 − 16
]
≡ 0. (35)
Suppose nY := NY /3 ∈ Z, the above equation is rewritten as
AU(1)Y ≡ nY
[
3
2
(nHu + nHd + nQ3 + 3nL3) + 3nd3 + ne3
]
≡ nY (3k + 2p) ≡ 0, (36)
where the integer p is defined through
nHu + nHd + nQ3 + 3nL3 = 6 + 4(k + p). (37)
Here, we used nHu + nHd + nQ3 + 3nL3 − 2 ≡ 0 from ZF4 -SU(3)2C anomaly. If k = 0 (1),
3k + 2p is even (odd). In particular, the anomaly-free condition is satisfied independent
of nY if k = 0 (m = 1) and p is even. On the other hand, the condition is trivial if nY is a
multiple of 4 and hence NY is a multiple of 12. For instance, U(1)Y might be embedded
into a U(12) theory in this case, since NY is associated with a rank of a gauge group into
which U(1)Y might be embedded.
The fermions in this model can also induce the gravitational anomaly [69],
Avisgrav = nS + 2(nHu + nHd) +
∑
i
(6nQi + 3nui + 3ndi + 2nLi + nei + nni)
≡ nu3 + nd3 + 3ne3 . (38)
If there is no other particle charged under the ZF4 symmetry, the anomaly-free condition
is given by Avisgrav ≡ 0 modulo 2.
Tables 1 and 2 show the patterns of powers k,m, `, the U(1)Y and gravitational anoma-
lies when the realistic patterns of Yukawa couplings are realized and the SU(2)L and
SU(3)c anomalies are absent. The lists for k = 0 (m = 1) and k = 1 (m = 2) are shown
in Table 1 and 2, respectively. The charges of the other chiral superfields are determined
through Eqs. (30) and (33). Note that only (k, `,m) are relevant to Yukawa couplings.
It is noted that only ` = 0, 2 are available for Agr ≡ 0, while A˜Y = AU(1)Y /nY is even
(odd) for k = 0 (k = 2) as already stated. The U(1)Y anomaly is absent independent of
nY for k = 0 case, if A˜Y ≡ 0 modulo 4. However, k = 0 gives unstable Higgs potential as
shown in the next section. For k = 2, A˜Y gives an odd number, therefore nY should be a
multiple of 4, i.e., the U(1)Y normalization of NY should be a multiple of 12.
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Table 1: Values of (`, m, A˜Y , Agr) for k = 0 (m = 1) with given nHu and nQ3 . The
other charges are determined through Eqs. (30) and (33), so that the hierarchy pattern
Eq. (27) is realized and the anomalies of ZF4 are vanishing in the SM non-abelian gauge
groups. A˜Y = AU(1)Y /nY is the normalized anomaly of ZF4 in the U(1)Y gauge group. If
nY is a multiple of 4, the anomaly is absent even for A˜Y ≡ 2. We find ` = 0 and 2 for
Agr ≡ 0 modulo 2.
k nHu nQ3 ` m A˜Y Agr
0 0 0 1 1 0 1
0 0 1 0 1 2 0
0 0 2 3 1 0 1
0 0 3 2 1 2 0
0 1 0 0 1 0 0
0 1 1 3 1 2 1
0 1 2 2 1 0 0
0 1 3 1 1 2 1
0 2 0 3 1 0 1
0 2 1 2 1 2 0
0 2 2 1 1 0 1
0 2 3 0 1 2 0
0 3 0 2 1 0 0
0 3 1 1 1 2 1
0 3 2 0 1 0 0
0 3 3 3 1 2 1
2.3 Particle stability and discrete symmetry
Here, we discuss necessities of additional discrete symmetries, focusing on the proton
decay. The ZFN symmetry will not be enough to suppress unwanted higher-dimensional
operators. Some combinations of baryon/lepton number violating operators are severely
constrained by proton decay. The limits on the baryon/lepton number violating operators
are [70–72]
λBλL . O
(
10−27
)
, κ−1 & O (1027 GeV) . (39)
Here, λB and λL are Yukawa couplings for the dimension-4 baryon number violating
operator uRuRdR and lepton number violating operator LLLLeR, LLQLdR. κ is a coupling
constant for dimension-5 operators such as QLQLQLLL, uRuRdReR. These tiny coupling
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Table 2: The same figure as Table 1, but k = 1 (m = 2). If nY is a multiple of 4, the
anomalies in the U(1)Y group is absent. We find ` = 0 and 2 for Agr ≡ 0 modulo 2.
k nHu nQ3 ` m A˜Y Agr
1 0 0 2 2 1 0
1 0 1 1 2 3 1
1 0 2 0 2 1 0
1 0 3 3 2 3 1
1 1 0 1 2 1 1
1 1 1 0 2 3 0
1 1 2 3 2 1 1
1 1 3 2 2 3 0
1 2 0 0 2 1 0
1 2 1 3 2 3 1
1 2 2 2 2 1 0
1 2 3 1 2 3 1
1 3 0 3 2 1 1
1 3 1 2 2 3 0
1 3 2 1 2 1 1
1 3 3 0 2 3 0
constants can not be explained by the ZF4 symmetry. Thus there should be additional
symmetry to control these couplings.
There are several candidates which can forbid these operators. In the MSSM, the mat-
ter parity M2, the so-called R-parity, is introduced for this purpose [73–75]. An important
consequence of the R-parity is that the LSP becomes stable and it can be a good candidate
for the dark matter (DM). The dimension-4 operators are forbidden by the R-parity, but
the dimension-5 operators are not. Another candidate is known as the baryon triality, B3,
which prevents the baryon number violating operators while permits the lepton number
violating ones [64]. The baryon triality successfully ensures the proton stability, however,
the LSP becomes unstable due to the lepton number violating interactions. The so-called
proton hexiality P6 prohibits all the baryon and lepton number violating dimension-4
and 5 operators, and the LSP is stable [67, 76]. All of these three discrete symmetries
are anomaly-free. The charge assignments under these discrete symmetries are listed in
Table 3.
A discrete R symmetry in SUSY theories is an interesting possibility [77–81]. The
anomaly-free ZRM symmetry prohibits the unwanted higher dimensional operators as well
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Table 3: Charges under R-parity M2, baryon triality B3 and proton hexiality P6.
QL uR dR LL eR Hu Hd
M2 1 1 1 1 1 0 0
B3 0 2 1 2 2 1 2
P6 0 1 5 4 1 5 1
as the µ-term, and stabilizes the LSP in the MSSM [78, 79]. In this model, the flavon
field S must have non-zero charge under the discrete R-symmetry in order to write down
the self-coupling SN in the superpotential. Note that a superpotential have a non-zero
R-charge 2 modulo M . This causes additional selection rules for the Yukawa couplings of
the SM fermions. Hence, N of the discrete symmetry ZFN may have to be so large that
the SM fermion mass and mixing are explained.
We are interested in the simplest way to explain the observed fermion properties
and the neutralino DM at the same time. For this purpose, we consider a model with
Z
F
4 ×M2 or ZF4 ×P6. Phenomenology of the model with M2 and that with P6 are similar to
each other, except for the presence of the proton decay. Models with M2 will be excluded if
a cutoff scale of the dimension-5 operators is Λ that is much smaller than the conventional
GUT scale or string/Planck scale. Such dangerous operators are forbidden by imposing
the proton hexiality P6. Since a cutoff scale and coefficients of such dimension-5 operators
depend on UV model-building, also models with the R-parity M2 may be allowed. In the
following, we do not consider the higher dimensional operators violating lepton/baryon
number.
A spontaneous breaking of ZF4 could produce stable domain walls which alters the
history of the successful standard cosmology [51–54]. There exist several solutions for
it. The Planck suppressed operators which break ZF4 explicitly can make domain walls
unstable, while keeping the low-energy physics unchanged [82–86]. In the presence of a
negative Hubble induced mass term for the flavon S (and/or Higgs fields) during/before
the inflation, domain walls will be produced then and inflated away, hence the problem
is solved [55]. We assume that the domain wall problem is solved in our model by one of
these effects.
3 Phenomenology
We will study vacuum stability and phenomenology related to the flavons when the
hierarchy Eq. (27) is realized and the anomalies of non-abelian gauge symmetries are
absent for N = 4. In the following, we will discuss models with the superpotential
W 3 (Sm/Λm−1)HuHd, where m = 1, 2. In our analysis, we study cases where squark-
s/sleptons are heavier than O (10) TeV. There may be various flavor violating processes
induced by sfermions depending on the soft parameters, but this is beyond a scope of this
paper.
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3.1 Vacuum stability
We will show the vacuum stability is related to the power of m = 1, 2. The EW minimum
will be unstable if there exist extra minimum deeper than it. The both CP-even and
CP-odd flavon get positive mass squared when
−6c2Nvs . AS . 0, (40)
where O (v2H) corrections are neglected. With this condition, the flavon VEV in Eq. (13)
requires m2S ∼ O (2v2s). It is noted that the Higgs potential is approximately given by
the flavon potential of Eq. (12) since the flavon VEV is supposed to be much larger than
the Higgs ones. Thus, the depth of the EW minimum is approximately given by
VS,min ∼ −O
(
2v4s
)
. (41)
We always choose a solution with vs > 0 from the two minimum satisfying Eq. (13). These
features are independent of m. We discuss the stability of the EW vacuum for m = 1 and
2 separately.
3.1.1 m = 1 : W = S4/Λ + SHuHd
As discussed in Section 2.2, we have k = 0 and Yb ∼ 1 in this case. Thus a large tan β is
required to explain the top to bottom quark mass ratio. As a result, −m2Hu ∼ |µeff |2 ∼ v2s
is required in the EW vacuum. The potential along the H0u direction with H
0
d = S = 0 is
given by
VHu = m
2
Hu
∣∣H0u∣∣2 + g22 ∣∣H0u∣∣4 . (42)
This potential always has the minimum if m2Hu < 0 as required to realize the EW minimum
in a large tan β regime. The depth of this minimum is given by
VHu,min = −
(
m2Hu
)2
2g2
∼ −O (v4s) VS,min. (43)
This minimum is deeper than the EW minimum by O (2). Thus the EW minimum is
expected to be unstable for m = 1. Hereafter, we do not consider this case and focus on
the case with m = 2.
3.1.2 m = 2 : W = S4/Λ + S2HuHd/Λ
Since we find k = 1 and Yb ∼  in this case, we have tan β ∼ O (1). The EW vacuum
condition requires −m2Hu ∼ |µeff |2 ∼ 2v2s , and then
VHu,min ∼ −O
(
4v4s
) VS,min. (44)
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The minimum along the H0u-direction is shallower than the EW minimum by O (2). In
addition, there may be deeper minimum along the so-called D-flat and/or F-flat direc-
tions [49]. We parametrize a direction φ in the Higgs potential as
φ := H0d = α
−1H0u = γ
−1S. (45)
The EW minimum is on a direction with α = vu/vd = tan β and γ = vs/vd  1. The
D-flat direction corresponds to α = 1 and the F-flat direction of F †S = −∂SW = 0 is
γ2 = αcm/cN ∼ O(1). Thus, additional minimum may appear along directions with
α, γ ∼ O (1).
The potential along the φ direction is given by
Vφ = m
2
φ |φ|2 +
(
Aφ
φ4
Λ
+ h.c.
)
+ λφ |φ|4 + κφ |φ|
6
Λ2
, (46)
where
m2φ ≡ m2Hd + |α|2m2Hu + |γ|2m2S, Aφ ≡
γ2
4
(
γ2AS − 2αAH
)
, (47)
λφ ≡ g
2
2
(|α|2 − 1)2 , κφ ≡ |γ|2(∣∣cNγ2 − cmα∣∣2 + |cm|2
4
|γ|2 (1 + |α|2)
)
. (48)
The couplings for |S|4 and |S|6 terms are always positive real and the potential is always
bounded from below except for a direction α = 1 and γ = 0. Assuming all the parameters
are real, the minimum of this potential is given by
φ2 =
Λ2
3κφ
−(λφ + 2Aφ
Λ
)
+
√(
λφ +
2Aφ
Λ
)2
− 3κφ
m2φ
Λ2
 . (49)
This minimum is absent if the right-hand side is negative or complex. In general, mini-
mums tend to be appear for small values of λφ and κφ. Note that λφ vanishes for α = 1
and κφ vanishes for γ = 0.
For γ = 0, the scalar potential is independent of the flavon. At least one minimum
exists along the H0u direction, and its depth is shallower than the EW vacuum due to the
suppression by  as already stated above. Along the D-flat direction with α = 1, λφ is
also vanishing. Then quadratic term should be positive,
m2φ = m
2
Hu +m
2
Hd
∼ vs
sin 2β
[
AH +
(
cN − cm
4
sin 2β
)
2cmvs
]
> 0. (50)
Here, we used Eq. (17). Thus AH & O (vs) is required.
For α = 1 and γ 6= 0, only λφ vanishes while κφ 6= 0. Since a large positive m2φ will
prevent an exotic minimum, let us parametrize m2Hd = cd · v2s . For simplicity, we assume
cd   here, and will discuss the validity of this assumption later. From the EW minimum
condition Eq. (17), we have a relation of AH ∼ sin 2β ·m2Hd/(vs) = cd sin 2β · vs. Since
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Figure 1: Parameter space where the EW minimum is deeper than the other minimum.
vs = 1.0 TeV and cN = cm = 1. The green and yellow region have the stable EW
minimum.
Aφ ∼ −γ2AH/2 < 0 with neglecting −As  AH , the inside of the square root of Eq. (49)
should be negative to prevent a minimum along this direction. This requirement leads to
the upper bound on cd:
4A2φ − 3κφm2φ ∼
(
cd
−1γ4 sin2 2β − 3κφ
)
m2Hd < 0. (51)
Note that κφ is minimized by γ
2 = cN/cm for α = 1. Thus the upper bound on cd reads
cd .
c2m
2
3
sin2 2β
=
3c2m
8
(
1 +
2
tan2 β
+
1
tan4 β
)
×  tan2 β. (52)
This translates to an upper bound on the CP-odd Higgs boson mass mA (see Section 3.3
and Appendix A for the definition) through the condition for the realistic EW symmetry
breaking. With Eq. (52), our assumption cd   is satisfied for tan2 β  1. Note that
tan β ∼ O (1) is required to obtain the realistic top to bottom quark mass ratio for m = 2.
We will numerically study the scalar potential with AH ∼ O (vs).
Figure 1 shows the parameter space of (tan β, AH) (left) and (ma, mA) (right), in-
dicating a region where the EW minimum is deeper than the other vacuum. Here, the
parameters are chosen to be vs = 1.0 TeV and cN = cm = 1. There is no minimum
along the F/D-flat direction in green region. In the yellow region, the minimum exists
along F/D-flat direction but it is shallower than the EW minimum, while in a red region
the potential minimum along F/D-flat direction is deeper than the EW one. The D-flat
direction becomes unbounded from below in the brown region. The flavon mass becomes
tachyonic, and then the point satisfying the EW condition is not a minimum in the gray
region. Altogether, the green and yellow regions have the stable EW minimum. The
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wider parameter space is allowed with a larger tan β, whereas the top to bottom quark
mass ratio requires tan β to be O (1). In our analysis, we take tan β = 5. In this case,
the upper bound on the CP-odd Higgs boson is about 4 TeV for vs = 1 TeV as shown in
the right-panel. The limits on AH or mA will be relaxed for a larger cm due to a larger
coupling of κφ.
3.2 Neutralino mass and dark matter physics
We will discuss DM physics under an assumption that the neutralino LSP is produced by
the thermal freeze-out mechanism and they are not diluted after they are decoupled from
the thermal bath. If stable LSP flavinos are produced thermally, they will be overproduced
owing to a small cross section. Thus, flavino LSP will not be considered in this paper.
First, let us consider cases in which the Higgsino is the LSP and is lighter than the
flavino. For N = 4 and m = 2, the Higgsino and flavino masses are approximately given
by
mH˜ ∼ µeff ∼
cm
2
· vs, mS˜ ∼ 3cN · vs, (53)
where the mixing induced by the Higgs VEVs are neglected. Thus, mH˜ . mS˜ can be
realized when cm . 6cN . The Higgsino can be identified as the DM particle as far as its
mass is lighter than about 1.1 TeV, so that the LSP does not over-close the universe [87,88].
The Higgsino mass should be in a range,
90 GeV . µeff . 1.1 TeV, (54)
where the lower bound comes from the LEP experiment [89]. With assuming µeff ∼ 1
TeV, the flavon VEV vs is expected to be O (100 TeV). The direct detection rate will be
suppressed as far as the EW gauginos are much heavier than the Higgsino masses [90].
This type of mass spectra, where Higgsinos are much lighter than other sparticles, is the
so-called natural SUSY. This would be obtained in Non-Universal Gaugino Mass (NUGM)
scenario [91–96] or Non-Universal Higgs Mass scenario [97–101]. In particular, the NUGM
scenario with relatively heavy wino mass is interesting because the relatively largem2Hd and
small m2Hu are realized simultaneously as a result of the renormalization group effects [102,
103]. This pattern of Higgs soft masses are consistent with the condition for the stable
EW minimum discussed in the previous subsection. This feature was pointed out in the
Z3 invariant NMSSM [104]. The NUGM scenario is realized in GUT models [105–112]
as well as the so-called mirage mediation [113–118]. The phenomenology of the mirage
mediation in the NMSSM is discussed in Refs. [119–121].
Next, we shall consider cases in which the wino is the LSP for avoiding flavino over-
production. As the flavino mass can be comparable to the Higgsino mass, the flavino is
naturally heavier than O (100 GeV), so that the charged Higgsinos are heavier than the
LEP bound. Even if the flavino is lighter than 100 GeV, its relic density can be lower
than the observed value of DM only in restricted parameter space where the s-channel
process is enhanced by the resonance or co-annihilation works due to degeneracies with
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some other particles [122, 123]. A easier way to accommodate with the DM density may
be that the wino lighter than about 2.7 TeV becomes the LSP [88, 124–126]. The hi-
erarchy of the neutralinos are O (1 TeV) ∼ M2 < M1  mS˜, µeff , so that the direct
detection rate is suppressed by the heavy Higgsino mass of µeff & 10 TeV. The flavon
VEV is expected to be & O (1 PeV) in this case. This type of mass spectrum, where
gauginos are much lighter than other sparticles, is the so-called mini-split SUSY/pure
gravity mediation scenario [127–130]. This spectrum of SUSY particles would be realized
by the anomaly mediation [131,132] in which gaugino masses are suppressed by the loop
factor compared with the soft scalar masses.
3.3 Yukawa interactions in mass basis
We shall consider couplings of the scalars to the SM fermions in cases with k = 1 (hence
m = 2), in which Yd,e ∝ 1 and W 3 S2HuHd/Λ. In the gauge basis, the Higgs doublets
are coupled to the SM fermions via the Yukawa couplings
−Lhu,hd =
hu + iau√
2
uRY
uuL +
hd + iad√
2
(
dRY
ddL + eRY
eeL
)
+ h.c., (55)
where the Yukawa matrices are defined in Eq.(23). The flavons are coupled to the SM
fermions as
−Lhs =
hs + ias√
2
∑
f=u,d,e
fRΓ
ffL + h.c.. (56)
These are obtained by differentiating the usual Yukawa couplings with respect to S. Hence
the coupling matrices are given by
Γfij = η
f
ijc
f
ij
(vs
Λ
)ηfij−1 vf
Λ
=
vf
vs
· ηfijY fij , (57)
where vf = vu, vd for the up- and down-type fermions, respectively. Note that Γ
u
23 and Γ
u
33
are vanishing with ηu23 = η
u
33 = 0. The flavon Yukawa couplings Γ
f are more suppressed
by vH/vs than those for the Higgs doublets. In addition, the flavino has Yukawa type
interactions,
−LS˜ =
∑
f=u,d,e
Γfij
[
f˜RiS˜fLj + f˜LjfRiS˜
]
+ h.c., (58)
where f˜Ri , f˜Lj are sfermions.
We will rewrite these interactions in the mass basis. The mass basis of the fermions,
fˆL, fˆR (f = u, d, e), are defined as
fL = U
f
L fˆL, fR = U
f
RfˆR,
(
U fR
)† (
Y fij vf
)
U fL = diag (mf1 ,mf2 ,mf3) . (59)
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There are mixing between the Higgs bosons and flavon. The mass basis of the scalars are
defined as 
hd
hu
hs
 = RS

h
H
σ
 ,

ad
au
as
 = RP

G
A
a
 , (60)
where h is the SM Higgs boson and G is a Nambu-Goldstone boson. The rotation matrices
RS, RP diagonalizes the Higgs mass matrices as
RTSM2SRS = diag(mh,mH ,mσ), RTPM2PRP = diag(0,mA,ma). (61)
Here, mh is the SM Higgs boson mass. A real scalar σ (a) is defined as a scalar field in the
mass basis whose a component of the rotation matrix [RS]3i ([RP ]3i) is the largest among
the three scalars. The scalar σ (a) is called as CP-even (CP-odd) flavon. The scalar mass
matrices are shown in Appendix A.
The Yukawa matrices Yˆ f , Γˆf are defined in the mass basis of fermions,
Yˆ f =
(
U fR
)†
Y fU fL, Γˆ
f =
(
U fR
)†
ΓfU fL. (62)
The Higgs Yukawa coupling Yˆ f is diagonalized in this basis, but flavon Yukawa coupling
Γˆf is not. The latter have the following textures:
Γˆu ∼ vu
vs

3 3 2
3  2
  2
 , Γˆd ∼ vdvs

3 3 2
4 2 3
2 2 
 , Γˆe ∼ vdvs

3 3 3
5  5
5 5 
 . (63)
Since Γu23 = Γ
u
33 = 0, these elements in Γˆ
u are obtained via mixing matrix for diagonal-
ization. For vs ∼ O (10 TeV) realizing the heavy charged Higgsinos, Γˆf couplings are at
most O (10−4). Some off-diagonal elements are more suppressed than the Higgs Yukawa
coupling in the gauge basis, since the some parts of the flavon couplings are aligned with
the Higgs couplings, especially for the lower two rows in the Yukawa matrix of the charged
leptons. This feature extremely suppresses the lepton flavor violation processes 9.
We finally write the Yukawa interactions in the mass basis between the SM fermions
and scalars as
−Lyuk = 1√
2
∑
f=u,d,e
fˆR
[
h yˆf + σλˆf,σ + aλˆf,a
]
fˆL + h.c.. (64)
The Yukawa coupling of h is given by
yˆfij = [RS]b1 Yˆ
f
ij + [RS]31 Γˆ
f
ij ∼ Yˆ fij
[
1 +O
(
v2f
v2s
)]
, (65)
9 The result is not changed by sub-leading terms suppressed by (S/Λ)5 which may potentially exist
in the superpotential.
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where we take b = 1 for f = d, e and b = 2 for f = u. We have used [RS]3b . O (vf/vs)
due to the hierarchical structure of the Higgs boson matrix as shown in Appendix A.
Those of the CP-even and CP-odd flavon couplings are given by
λˆf,σij = [RS]b3 Yˆ
f
ij + [RS]33 Γˆ
f
ij, λˆ
f,a
ij = i
(
[RP ]b3 Yˆ
f
ij + [RP ]33 Γˆ
f
ij
)
. (66)
Flavor violating couplings of the SM Higgs boson is strongly suppressed by v2f/v
2
s . 10−4
and will be negligible since Yˆ f is diagonal. The flavor violating couplings of H,A and
H± are also expected to be tiny similarly to h. With respect to σ and a, both terms
proportional to Γˆf and Yˆ f contribute to the O (vH/vs) couplings, but only Γf have non-
zero off-diagonal elements in the mass basis. Altogether, we find
λˆu,ϕ ∼ ρuvu
vs

3 3 2
3  2
  1
 , λˆd,ϕ ∼ ρdvdvs

3 3 2
4 2 3
2 2 
 , λˆe,ϕ ∼ ρevdvs

3 3 3
5  5
5 5 
 ,
(67)
where ρf (f = u, d, e) are O (1) coefficients and ϕ denotes both σ and a. It is noted that
att coupling is more suppressed by 1/ tan2 β against that of σtt owing to the difference of
scalar mixing matrix. See Appendix A for more detailed discussions for the scalar mixing.
3.4 Higgs physics
We shall discuss Higgs decay modes. Note that a small tan β is required from the anomaly-
free charge assignment and the vacuum stability in this case. The SM Higgs boson mass
matrix has similar structure as in the MSSM, since the mixing with the flavon is suppressed
by . Depending on tan β, the top squark mass has an upper bound to be consistent
with the 125 GeV Higgs boson mass. The upper bound is typically 100 (104) TeV for
tan β = 4 (2) [133]. This upper bound becomes tighter if there is a sizable mixing between
top squarks. This upper bound is consistent with a typical value of the soft mass of the
down-type Higgs boson, m2Hd . tan
2 β · µ2eff ∼ tan2 β · (vs)2 ∼ O
(
(10 TeV)2
)
. In our
numerical analysis, we add a typical size of loop corrections, ∆m22 = (90 GeV)
2, toM2S,22,
which is the coefficient of h2u in the scalar potential (see Appendix A), by hand in order
to explain mh ∼ 125 GeV. This does not give significant effects to phenomenology other
than the Higgs boson mass itself due to the  suppressed mixing.
The SM Higgs boson can decay to a pair of the CP-odd flavons if 2ma < mh. The
relevant trilinear coupling between the SM Higgs boson and CP-odd flavons is given by
Ahaa ∼ vH√
2
(
2c2m +
AH
Λ
sin 2β
)
∼ O (2vH) . (68)
Neglecting the flavon mass, the branching fraction is given by
Br (h→ aa) ∼ |Ahaa|
2
32pimhΓh
∼ 10−4 ×
(
Ahaa
0.07 GeV
)2
, (69)
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where Γh is the decay width of the SM Higgs. As discussed later, the CP-odd flavon with
ma . mt decays to bb and ττ with about 80 % and 20 % branching fractions, respectively.
We may have 4b and/or 2b2τ signals from the Higgs boson decays, but these are much
smaller than the experimental sensitivity [134].
As discussed in Section 3.1, the CP-odd Higgs boson should be lighter than about 4
TeV for cases in which the Higgsino is the LSP with mH˜ ∼ vs . 1.1 TeV, so that the
EW vacuum is stable. Since the Higgs sector is similar to the MSSM, the CP-even Higgs
H and charged Higgs H± have almost same masses as the CP-odd Higgs boson A. The
dominant decay mode of the neutral Higgs bosons, namely H and A, will be a pair of top
quarks because tan β ∼ O (1) is required. That of the charged Higgs H± is a top quark
and a bottom quark. In other words, the branching fractions to the leptonic modes, which
are more strongly constrained [135–138], are suppressed owing to a small tan β. There
are substantial limits from the current searches for heavy Higgs bosons decaying to top
quark at the LHC only if tan β . 1 and the top Yukawa coupling is enhanced [139–141].
3.5 Flavon physics
In this subsection, we shall discuss flavor violations mediated only by the flavons of σ and
a, and their decay modes. The effects from the other particles will be enough suppressed if
their masses are heavier thanO (10 TeV). This model is more predictive than conventional
flavon models due to the direct correlation between the Higgs potential and DM physics
if Higgsino is the LSP. The flavon VEV controls not only the Yukawa hierarchies which
include flavon couplings to the fermions but also the Higgs mixing to the flavon and
DM mass. Hence, the VEV can be determined by DM physics. Phenomenology of light
flavon is discussed in Refs. [142–148]. In general, the light flavons are accessible in flavor
violating processes, such as K-K mixing, µ → eγ and µ → e conversion [142]. The top
physics is also relevant because of its large Yukawa coupling. In particular, a sizable
flavon coupling to tc is predicted as O(vu/vs) and may provide good signals at collider
experiments [142,143,146]. Significant differences from the ordinal FN mechanism is that
 is assumed to be about 10−2 which is smaller by one order of magnitude than the usual
value ∼ 0.2. In addition, some flavor violating couplings of the flavons, especially to
charged leptons, are suppressed by the alignment with the Higgs Yukawa couplings.
3.5.1 Lepton flavor violation
We will focus on flavor violating processes in the lepton sector. The branching fraction
of Lepton Flavor Violation (LFV) decays of `i → `jγ is given by [149],
Br (`i → `jγ) = αe
1024pi4Γ`i
(
m`i −
m2`j
m`i
)3 (|σL|2 + |σR|2) , (70)
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where
σL '
∑
k=1,2,3
∑
ϕ=σ,a
1
4m2ϕ
[(
m`iλˆ
e,ϕ
jk λˆ
e,ϕ∗
ik +m`j λˆ
e,ϕ∗
kj λˆ
e,ϕ
ki
)
F
(
m2`k
m2ϕ
)
−m`k λˆe,ϕjk λˆe,ϕki G
(
m2`k
m2ϕ
)]
,
(71)
and the loop functions are given by
F (y) = − y
3 − 6y2 + 3y + 6y ln (y) + 2
6(1− y4)4 , G(y) =
y2 − 4y + 2 ln (y) + 3
(1− y)3 . (72)
It is noted that σR is obtained by formally replacing λ
e
ij → λe∗ji . Here, Γ`i is a width
of lepton `i. As mσ & ma, with neglecting contributions from the CP-even flavon we
estimate
Br (µ→ eγ) ∼ αem
3
µ
1024pi4Γµ
m2µ
16m4a
∣∣∣λˆe,a12 λˆe,a22 ∣∣∣2 F (m2µm2a
)2
(73)
∼ 3× 10−27 ×
(
10 TeV
vs
)4(
100 GeV
ma
)4 ( 
0.02
)8
,
where O (1) factors ρe are simply replaced by unity. Note that the contributions enhanced
by the tau lepton mass is more suppressed by powers of  owing to the alignment. Thus the
µ→ eγ is extremely suppressed by the higher powers of  and is far below the experimental
sensitivity even if the flavon is O (10 GeV). The other LFV decays, including three body
decays like µ→ eee, are also suppressed.
Let us give a comment about contributions from the flavino. For a simplicity, suppose
that the soft parameters respect the fermion flavor structure and the sfermions are aligned
with the fermions. Then the flavino couplings in the mass basis are also given by Γˆf in
Eq. (58). The largest contribution to µ→ eγ will come from the chirality enhanced effects
which are proportional to the flavino mass if the corresponding sleptons have sizable left-
right mixing. The contribution is roughly given by replacing m2µ/m
4
a → m2S˜/m4˜`, and the
ratio to the CP-odd flavon effect is estimated as(
m2
S˜
m4˜`
)(
m2µ
m4a
)−1
∼ 14×
( mS˜
1 TeV
)2 ( ma
100 GeV
)4(5 TeV
m˜`
)4
. (74)
Thus the sparticle contributions are also far below the detectable level when only the
Yukawa couplings Γˆe cause flavor violation.
The µ-e conversion process in nuclei induced by flavons might be detectable [142]. The
conversion rate is given by [150,151],
Γconv = 4m
5
µ
∣∣∣mpC˜pSRSp +mnC˜nSRSn∣∣∣2 + (L↔ R) , (75)
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Table 4: Numerical values of the hadronic matrix elements at µ = 1 TeV [160].
OLR1 (µ) OLR2 (µ) OSLL1 (µ) OSLL2 (µ)
K-K -0.159 0.261 -0.0761 -0.132
Bd-Bd -0.186 0.241 -0.0909 -0.167
where p and n denote a proton and a neutron respectively, and
C˜pSR =
∑
q=u,d,s
CqSRf
p
Sq
+
2
27
(
1−
∑
q=u,d,s
fpSq
) ∑
Q=c,b,t
CQSR, (76)
C˜pSL =
∑
q=u,d,s
CqSLf
p
Sq
+
2
27
(
1−
∑
q=u,d,s
fpSq
) ∑
Q=c,b,t
CQSL. (77)
Those for neutron are obtained by formally replacing p → n. Here, only the scalar
interactions are considered since the one-loop corrections to the dipole operator will be
negligibly small as deduced from discussions in µ → eγ. In this model, the coefficients
CqSR is given by
mqiC
qi
SR =
∑
ϕ=σ,a
λˆe,ϕ12
2m2ϕ
· Re
(
λˆq,ϕii
)
, mqiC
qi
SL =
∑
ϕ=σ,a
λˆe,ϕ∗21
2m2ϕ
· Re
(
λˆq,ϕii
)
. (78)
Following Ref. [142], we used the values for scalar form factors fp,nSq calculated in Refs. [152,
153] based on the lattice result [154] and the overlap integrals Sp,n [150]. We compare
with the current limit [155] at SINDRUM II experiment for a gold target, and future limit
at the DeeMe [156], COMET [157] and Mu2e [158] experiments for an aluminum target,
Br (µ→ e)Au(Al) = Γconv
Γcapt
< 7× 10−13 (6× 10−17), (79)
where Γcapt = 13.07 and 0.7054 [×106 · s−1] in gold and aluminum [150,159], respectively.
We will show the current and expected limits from µ→ e conversion in Figs. 3 and 4 as
below.
3.5.2 Quark flavor violation
We shall focus on flavor violating processes in the quark sector. Flavor violating effects
induced by scalar fields are summarized in Ref. [161]. The flavons would affect also to the
neutral meson mixing. For the K-K, Bd-Bd mixing, the relevant observables are defined
as
K =
κe
iφ
√
2∆MK
Im (M12(K)) , ∆Md = 2 |M12(Bd)| , (80)
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where κ = 0.94± 0.02, φ = (43.51± 0.05)◦ [162, 163] and ∆MK = 0.005293 ps−1 [164].
The off-diagonal matrix elements are given by
M12(K) = M
SM
12 (K)−
∑
ϕ=σ,a
1
4m2ϕ
[
cKLL(mϕ)
{(
λˆd,ϕ21
)2
+
(
λˆd,ϕ∗12
)2}
+ 2cKLRλˆ
d,ϕ
21 λˆ
d,ϕ∗
12
]
,
(81)
M12(Bd) = M
SM
12 (Bd)−
∑
ϕ=σ,a
1
4m2ϕ
[
cBdLL(mϕ)
{(
λˆ
dϕ
31
)2
+
(
λˆd,ϕ∗13
)2}
+ 2cBdLRλˆ
d,ϕ
31 λˆ
d,ϕ∗
13
]
,
(82)
where MSM12 (M) denotes the SM contributions to the meson M . The coefficients of c
M
LL
and cMLR (M = K,Bd) are given by
cMLL(mϕ) =
[
1 +
αs
4pi
(
−3 log m
2
ϕ
µ2
+
9
2
)]
OSLL1 (µ) +
αs
4pi
(
− 1
12
log
m2ϕ
µ2
+
1
8
)
OSLL2 (µ),
(83)
cMLR = −
3
2
αs
4pi
OLR1 (µ) +
(
1− αs
4pi
)
OLR2 (µ). (84)
Here, OV LL1 (µ) and O
LR
2 (µ) are the values of hadronic matrices, where the renormalization
scale µ is fixed at 1 TeV in our analysis. The QCD corrections accompanied with αs are
calculated in Ref. [165]. We employed the same constant values of the SM contributions
and the hadronic matrix elements as in Ref. [160]. Their values relevant to our analysis
are shown in Table 4.
To estimate flavon contributions, we define ratios of new physics to the SM values as
RK =
Im
(
M12(K)−MSM12 (K)
)
Im (MSM12 (K))
, RBd =
∣∣∣∣M12(K)−MSM12 (K)MSM12 (K)
∣∣∣∣ . (85)
In our cases, these are estimated as
RK =
∑
ϕ=σ,a
1015 GeV2
m2ϕ
Im
[
1.7 ·
{(
λˆd,ϕ21
)2
+
(
λˆd,ϕ∗12
)2}
− 11. · λˆd,ϕ21 λˆd,ϕ∗12
]
, (86)
RBd =
∑
ϕ=σ,a
1011 GeV2
m2ϕ
∣∣∣∣1.1 ·{(λˆd,ϕ31 )2 + (λˆd,ϕ∗13 )2}− 5.9 · λˆd,ϕ31 λˆd,ϕ∗13 ∣∣∣∣ , (87)
where the QCD corrections are neglected. The above parameters are estimated as
RK ∼ 10−2 ×
(
1 TeV
vs
)2(
100 GeV
ma
)2 ( 
0.02
)6
, (88)
RBd ∼ 10−2 ×
(
1 TeV
vs
)2(
100 GeV
ma
)2 ( 
0.02
)4
, (89)
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Figure 2: The branching fractions of the CP-even (left) and CP-odd (right) flavon.
where the O (1) coefficients ρd are set to be unity. The left-left contribution, first term
in Eq. (86), gives the dominant contribution, since λˆd12 ∼ 3 and λˆd21 ∼ 4. All the contri-
butions are sizable for Bd-Bd mixing since λˆ
d
13 ∼ λˆd31 ∼ 2. Thus the flavon contributions
could affect to the observables at a few percent level against the SM values for a larger
λˆd,ϕ, a small VEV or a light flavon.
Experiments measure K so precisely that the error is dominated by the theoretical
ones, such as determination of hadron matrix elements, CKM matrix elements in the SM.
The error bar is about 10 %. The limits from Bd-Bd mixing give similar bound as K .
We also checked that a constraint from D-D mixing is weaker, and the Bs-Bs mixing,
leptonic decays of Bs → µµ and KL → µµ give no significant constraints.
3.5.3 Collider physics
We shall discuss collider physics associated with flavons. Figure 2 shows branching frac-
tions of the CP-even flavon (left panel) and CP-odd flavon (right panel). The parameters
are fixed at tan β = 5, vs = 2.0 TeV, AH = 3.0 TeV and cN = cm = 1. AS is scanned
to change the flavon masses. We used the benchmark values of the O (1) coefficients for
the Yukawa couplings shown in Appendix C. In addition to the flavon decays to a pair
of fermions and vector bosons, tree-level decays to bosons of σ → hh, σ → aZ, σ → aa,
a→ σZ and loop-induced decays of σ/a→ γγ, gg are taken into account. The black line
in the right panel is the sum of the remaining branching fractions not shown in the figure.
These branching fractions are sub-dominant. The decays of flavons, σ → WW,ZZ, hh
and σ/a→ tt, are induced by mixing with the Higgs doublets. The dominant decay modes
of the CP-even flavon are induced by the couplings not suppressed by . Since the mixing
of the CP-odd flavon to the Higgs doublets are more suppressed by 1/ tan2 β, the CP-odd
flavon dominantly decays to a pair of fermions through the Yukawa couplings λˆf,a. In
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this sense, the CP-even flavon is similar to the Higgs boson due to a large mixing, while
the CP-odd flavon seems to be a conventional flavon. The CP-odd flavon dominantly
decays to tc for ma & mt, while it decays to bb and ττ for ma . mt. It is noted that
Γ(a→ tc)/Γ(a→ tt) ∼  tan2 β, hence a→ tt can be the main decay mode for a smaller
tan β. The CP-even flavon dominantly decays to a pair of EW gauge bosons as far as
these are kinematically allowed. For mσ . 2mW , there is a substantial flavon mixing to
the SM Higgs boson and the decay modes of σ will be similar to that of the SM Higgs
boson. We could find signals of the mixing with the SM Higgs boson, but this happens
only if vs ∼ mh or the first two terms in Eq. (14) are canceled out. Constraints on a
sizable flavon mixing to the SM Higgs boson are studied in Ref. [144]. The LHC searches
with 100 fb−1 data and
√
s = 14 TeV will constrain parameter space of the mixing for
[RS]31 & O
(√
0.1
)
. In this model, [RS]31 ∼ vH/vs . 0.04 for vs & 5.0 TeV, hence the
mixing angle is too small to be detected. Thus the mixing between the CP-even scalars
are hardly probed at the LHC, even if the CP-even flavon is as light as the SM Higgs
boson.
As pointed out in Ref. [143], a flavor violating decay of top quark, t→ ϕc (ϕ = σ, a)
will be detectable at collider experiments for mϕ . mt. Such a branching fraction is given
by
Br (t→ ϕc) = mt
64piΓt
∑
ϕ=σ,a
(∣∣∣λˆu,ϕ23 ∣∣∣2 + ∣∣∣λˆu,ϕ32 ∣∣∣2)(1− m2ϕm2t
)2
∼ 7× 10−8 ×
(
10 TeV
vs
)2 ( 
0.02
)2
, (90)
where the charm mass is neglected. Γt is the decay width of the top quark. In the
second equality, the decay t→ σc and the CP-odd flavon mass are neglected. The future
sensitivity at 100 TeV hadron collider is 2.2×10−6 [142,166]. The flavor changing coupling
also predicts same-sign top signal, pp→ ta→ ttc, but this is not accessible when vs & 2.0
TeV [142] in order to realize µeff & 90 GeV.
3.6 Numerical result
Figure 3 shows the allowed parameter space on (ma, vs) plane for tan β = 5, AH =
3.0 TeV and cN = cm = 1 in the Higgsino LSP case. The values of Yukawa couplings
shown in Appendix C are used. The white region is allowed by current experiments.
In the dark gray region, the Higgsino is lighter than the experiments bound ∼ 90 GeV.
In the light gray region, the Higgsino is too heavy and its relic density will over-close
the universe. In the wino LSP case, larger VEV vs is allowed. The CP-even flavon is
tachyonic in brown region. In the red region, |RK | > 0.1 and the flavon contributes to
K more than 10% against the SM contribution. It is noted that there exists the red
region also near the region of m2σ < 0, where the CP-even flavon is very light. Such a
region is very narrow to be seen. A light CP-even flavon with mσ  O (vs) is owing to
a cancellation between the two terms in Eq. (14). The dashed lines show the CP-even
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Figure 3: Allowed region in the (ma, vs) [GeV] plane for cm = 1 in the Higgsino LSP
case. In the wino LSP case, a larger VEV vs is allowed. White region is consistent with
observations. |RK | > 0.1 in the red region. The blue lines show the branching fraction
of the flavor changing top decay t → ca is at 10−7. The other dashed lines show masses
of the CP-even flavon and CP-odd Higgs boson.
flavon masses and the dot dashed line indicates the CP-odd Higgs mass. The blue dashed
line shows Br (t→ ac) = 10−7. There is no parameter space where Br (t→ ac) is larger
than the future sensitivity at the 100 TeV collider. Thus, vast parameter space will not
be constrained by measurements of the processes induced by the flavons.
Figure 4 is the same as Fig. 3, but cm = 5 in the Higgsino LSP case. The flavon
VEV shown in this figure is lower than cases with cm = 1, since the Higgsino mass
of µeff ∼ cm/2 · vs linearly depends on cm. Thus the Yukawa couplings of the flavons
∼ vH/vs become larger than those in Fig. 3. The red and yellow regions are excluded by
the current limits from K and µ → e conversion, respectively. The dashed line in the
bottom indicates mσ = mt, and the top quark can decay into the CP-even flavon below
this line. The region below the blue line will be covered by the future 100 TeV collider.
Furthermore, future measurements for µ→ e conversion will probe the region lower than
the yellow line. Thus the wide parameter space will be tested by the future experiments
in this case.
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Figure 4: Similar figure to Fig. 3 but for cm = 5. White region is consistent with
observations. The yellow region is excluded by µ→ e conversion. The brown dashed line
near the bottom indicates mσ = mt.
4 Summary and discussion
In this paper, we proposed a model with the Froggatt-Nielsen mechanism controlled by a
Z
F
N symmetry, in which a flavon field explains not only flavor hierarchy but also the size
of Higgsino mass as a solution for the µ-problem in the MSSM. The Higgsino is a well
motivated candidate for the DM, since the thermal relic is explained consistently with the
null result in direct detections. Furthermore, the abelian flavor ZFN symmetry for the FN
mechanism also regulates a structure of the Higgs and flavon potential. Thus the origin
of fermion mass hierarchy is closely related to DM physics and Higgs physics.
We found charge assignments of the discrete flavor symmetry, which explains the
fermion mass hierarchy and does not have anomalies in the non-abelian gauge groups of
the SM. Together with the condition to prevent the existence of an exotic minimum deeper
than the EW vacuum, the power of m = 2 in the superpotential W 3 (Sm/Λm−1)HuHd is
uniquely determined. As a consequence, tan β ∼ O (1) is required to explain the observed
bottom to top quark mass ratio through the anomaly conditions. Our analysis for the
Higgs potential shows that the realistic EW vacuum can be realized even if the flavon
direction has only cutoff suppressed couplings. It is also interesting that CP-odd Higgs
boson mass have the upper bounds, so that the EW vacuum is the deepest minimum.
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The large portion of parameter space is allowed by the experiments. In the Higgsino
LSP case, the flavon VEV is constrained from above to explain the Higgsino relic density,
and also restricted from below to be consistent with the collider bound on the chargino.
In the wino LSP case, the upper bound on vs is relaxed. The flavon VEV is related also
to the Higgs boson and flavon masses. Altogether, there is a window in the parameter
space consistent with DM particle and EW vacuum. The flavor constraints are not severe
because the flavor violating couplings are suppressed by a large flavon VEV, vs & 10
TeV. Only the restricted parameter space where there exist light flavons or large Yukawa
couplings will be covered by future experiments.
In this paper, we do not discuss flavor violations induced by SUSY breaking. Since
we have mentioned about the flavor structure of the fermions, we may be able to address
those in soft SUSY breaking. A choice of discrete charge determines also hierarchy in
the soft mass. For instance, the soft masses of the right-handed sfermions between first
and second generation, u˜†1u˜2, d˜
†
1d˜2, e˜
†
1e˜2, would be suppressed by  while those of the
left-handed sfermions, Q˜†1Q˜2, L˜
†
1L˜2, would not be in our model. Flavor violation from
SUSY breaking as well as higher dimensional operators from the Ka¨hler potential may
open new possibilities to probe this model as discussed in Appendix B. This is left as
future work.
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A Analytical formulas
The minimization condition for a EW symmetry breaking minimum is given by
mH2d + |µeff |
2 + g2v2Hc2β − µeffBeff tan β + (cmm−1vu)2 = 0, (91)
mH2u + |µeff |2 − g2v2Hc2β − µeffBeff cot β + (cmm−1vd)2 = 0, (92)
m2S + (N − 1)
(
cN
N−3vs
)2
+ AS
N−3vs − AHm−1vuvd
vs
(93)
+
1
m
(λeffvH)
2 − (N +m− 2)cNcmN+m−4vuvd + (m− 1)
(
cm
m−1vuvd
vs
)2
= 0,
where v2H := v
2
u + v
2
d, tan β := vu/vd, λeff := cm
m−1, µeff := cm/m · m−1vs and Beff :=
AH/cm + cNm
N−3vs.
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The CP-even Higgs mass matrix is given by
M2S,11 = 2g2v2d + µeffBeff tan β, (94)
M2S,12 = 2(λ2eff − g2)vuvd − µeffBeff , (95)
M2S,22 = 2g2v2u + µeffBeff cot β, (96)
M2S,13 = − m−1vu
[
AH + (N +m− 2)cNcmN−3vs
]
+ 2λeffµeffvd +O
(
v3H/vs
)
, (97)
M2S,23 = − m−1vd
[
AH + (N +m− 2)cNcmN−3vs
]
+ 2λeffµeffvu +O
(
v3H/vs
)
, (98)
M2S,33 = (N − 2)N−3ASvs + 2(N − 1)(N − 2)(cNN−3vs)2 +O
(
v2H
)
, (99)
The CP-odd Higgs mass matrix is given by
M2P,11 = µeffBeff tan β, M2P,22 = µeffBeff cot β, M2P,12 = µeffBeff , (100)
M2P,13 = mµeff
(
Beff −NcNN−3vs
) · vu
vs
, M2P,23 = mµeff
(
Beff −NcNN−3vs
) · vd
vs
,
(101)
M2P,33 = − ASNN−3vs + (N −m)2cNcmN+m−4vuvd + AHmm−1
vuvd
vs
. (102)
The CP-odd doublet Higgs mass squared is positive if µeffBeff > 0. These matrices are
approximately diagonalized by
R0S =

cβ −sβ 0
sβ cβ 0
0 0 1
 , R0P =

cβ sβ 0
−sβ cβ 0
0 0 1
 . (103)
After the rotation, the CP-even matrix M˜2S := R0TS M2SR0S becomes
M˜2S,11 =
(
2g2 cos2 2β + λ2eff sin
2 2β
)
v2H , (104)
M˜2S,12 =
1
2
(
λ2eff − 2g2
)
v2H sin 4β, (105)
M˜2S,22 = 2µeffBeff/ sin 2β, (106)
M˜2S,13 = − m−1vH
(
AH + (N +m− 2)cNcmN−3vs
)
sin 2β + 2λeffµeffvH , (107)
M˜2S,23 = − m−1vH
(
AH + (N +m− 2)cNcmN−3vs
)
cos 2β, (108)
and M˜S,33 = MS,33. When M˜2S,12,M˜2S,23  M˜2S,22, and M˜2S,13, M˜2S,33, the rotation
matrix is approximately given by
RS ∼

cos β − δ3 sin β − sin β − δ3 cos β δ1 sin β − δ2 cos β
sin β + δ3 cos β cos β − δ3 sin β −δ1 cos β − δ2 sin β
δ2 δ1 1
+O (δ2i ) , (109)
30
where
δ1 :=
M˜2S,23
M˜2S,22 − M˜2S,33
, δ2 :=
M˜2S,13
M˜2S,11 − M˜2S,33
, δ3 :=
M˜2S,12
M˜2S,11 − M˜2S,22
. (110)
Similarly, the mixing matrix for the CP-odd mass matrix is given by
RP =

cos β sin β η sin β
− sin β cos β η cos β
0 −η 1
+O (η2) , η = M2P,13 sin β +M2P,23 cos βM2P,33 − 2µeffBeff/ sin 2β . (111)
In the case of N = 4, m = 2,
δ1 ∼ η ∼ O
(
vH
vs
cot β
)
, δ2 ∼ O
(
vH
vs
)
. (112)
The widths of the flavon decays are given by
Γ (ai → hjZ) =
m3ai
32piv2H
∣∣∣[RS]1j [RP ]1i − [RS]2j [RP ]2i∣∣∣2 (113)
×
(
1− 2m
2
hj
+m2Z
m2ai
+
(m2hj −m2Z)2
m4ai
)3/2
,
Γ (hi → ajZ) =
m3hi
32piv2H
∣∣∣[RS]1i [RP ]1j − [RS]2i [RP ]2j∣∣∣2 (114)
×
(
1− 2m
2
aj
+m2Z
m2hi
+
(m2aj −m2Z)2
m4hi
)3/2
,
Γ (hi → V V ) =
κVm
3
hi
32piv2H
|cβ [RS]1i + sβ [RS]2i|2
√
1− 4m
2
V
mh2i
(
1− 4m
2
V
mh2i
+ 12
m4V
mh4i
)
,
(115)
Γ (ϕ→ φφ) = |Aϕφφ|
2
32pimϕ
√
1− 4m
2
φ
m2ϕ
, (116)
Γ
(
ϕ→ fif j
)
= N fc
mϕ
32pi
√
1− 2m
2
fi
+m2fj
m2ϕ
+ 4
(m2fi −m2fj)2
m4ϕ
(117)
×
[(∣∣∣λˆf,ϕij ∣∣∣2 + ∣∣∣λˆf,ϕji ∣∣∣2)
(
1− m
2
fi
+m2fj
m2ϕ
)
− Re
(
λˆf,ϕij λˆ
f,ϕ∗
ji
) 4mfimfj
m2ϕ
]
,
where κZ = 1/2 and κW = 1 for V = Z,W . Here, ϕ, φ = hi, ai and N
f
c = 3 (1) for
quarks (leptons). The trilinear coupling can be obtained by
Ahihjhk =
∂3V
∂hi∂hj∂hk
∣∣∣∣
min
, Ahiajak =
∂3V
∂hi∂aj∂ak
∣∣∣∣
min
, (118)
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where hi = (h,H, σ) and ai = (A, a). Here, |min means that the fields should be replaced
by their VEVs after differentiations. When the mixing between the Higgs bosons only via
R0S and R
0
P are taken into account, the relevant trilinear couplings are given by
Aσhh ∼ 1√
2
[
c2m
2vs −
(
AH + 4cNcm
2vs
)
sin 2β + 3c2mη
2
Hvs sin
2 2β
] ∼ O (2vs) , (119)
Ahσσ ∼ vH√
2
[
3c2m
2 −
(
AH
Λ
+ 12cNcm
2
)
sin 2β + c2mη
2
H sin
2 2β
]
∼ O (2vH) , (120)
Ahaa ∼ vH√
2
[
c2m
2 +
AH
Λ
sin 2β + c2mη
2
H sin
2 2β
]
∼ O (2vH) , (121)
Aσaa ∼ vs√
2
(
12c2N
2 − 6AS
Λ
+ c2mη
2
H
)
∼ O (2vs) , (122)
where ηH := vH/Λ. The formulas for the loop-induced decays can be found in e.g.
Ref. [167].
B Higher dimensional operators in Ka¨hler potential
We discuss whether our model is modified by possible corrections from higher dimen-
sional operators in the Ka¨hler potential for N = 4 with W 3 S4/Λ − (Sm/Λm−1)HuHd.
Throughout this paper, sfermions and gauginos are assumed to be heavier than 10 TeV
and irrelevant to phenomenology. Our conclusion for m = 1 is not changed by the higher
dimensional operators, since the problem is that the minimum along the Hu direction,
VHu,min ∼ −O (v4s), is much deeper than the EW vacuum whose the depth is ∼ −O (2v4s).
This can not be changed by higher dimensional operators.
For m = 2, the higher dimensional operators could change the results discussed so far,
if they affect the hierarchical structure in the Yukawa matrices and/or the Higgs potential.
There exists O (S3/Λ3) terms in the Yukawa matrix and also O (|S|2/Λ2) terms in the
Higgs potential. Hence, it is sufficient to checkO (Λ−2) andO (Λ−1) corrections associated
with the flavon in the Ka¨hler potential in order to see whether the hierarchical structures
in the Yukawa matrices and Higgs potential are altered by them.
We focus on the Higgs potential first. Because of charge assignment, it is impossible
to write O (Λ−1) terms in the Ka¨hler potential made only of S,Hu and Hd. For O (Λ−2)
terms, K 3 |S|2|Hu,d|2/Λ2 + |S|4/Λ2 change kinetic terms only by 2. These do not
alter the hierarchical structure in the Higgs-flavon sector. For terms associated with
SUSY breaking, we may have K 3 (S†)2HuHd/Λ2. This contributes to the Higgsino
mass as ∼ 〈F †S〉/Λ ∼ 3vs, where F †S ∼ S3/Λ. This size is negligible to that from the
superpotential, µeff ∼ vs.
The terms involving the SM fermions in the Ka¨hler potential are given by
∆QK =
(
aij
Λ
SQ†iQj +
a˜ij
Λ2
DαDαS ·Q†iQj +
bij
Λ2
S2Q†iQj +
cij
Λ2
S†HaQiQj + h.c.
)
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+
dij
Λ2
S†SQ†iQj +
eijkl
Λ2
Q†iQjQ
†
kQl +O
(
Λ−3
)
, (123)
where Qi’s are the quark and lepton chiral multiples and Ha’s are the Higgs doublets Hu
or Hd. The coupling constants a
i
j, a˜
i
j, b
i
j, c
ij, dij and eijkl are O (1) coefficients. Some of
them are more suppressed by  = 〈S〉/Λ to make the operators invariant under the ZF4
symmetry. The chiral covariant derivative is defined as Dα := ∂/∂θ
α− i (σµθ†)
α
∂µ. Here,
the gauge supermultiplets are omitted. The gauge interactions of the SM fermions will
be obtained by replacing a space time derivative ∂µ to a gauge covariant one.
The terms proportional to a˜ij and c
ij may contribute to both kinetic terms and Yukawa
couplings. The kinetic term corrections also contribute to Yukawa couplings by canonical
normalization (see below). As shown below, however, the size of corrections turn out to
be 〈FS〉/Λ2 ∼ 3, which is comparable to the smallest Yukawa coupling. For kinetic term
correction, we have DαDαS/Λ
2 ∼ FS/Λ2. For Yukawa coupling correction, it is noted in
Section 2.2 that there exists W 3 (S/Λ)N−1HaQiQj = (S/Λ)3HaQiQj so long as we have
K 3 cijS†HaQiQj/Λ2. Since 〈F †S〉/Λ2 ∼ 3, corrections from the Ka¨hler potential give the
same order contribution as that from the superpotential for N = 4. With a general N ,
〈FS〉/Λ2 ∼ N−1 with W 3 SN/ΛN−3 will be similarly satisfied, where N−1 is comparable
to the smallest Yukawa coupling.
With component fields, the higher dimensional terms are rewritten as∫
d2θd2θ†∆QK =
eijkl
Λ2
q†iσ
µqj · q†kσµql (124)
+
i
2
[{
aij
Λ
∂µS + 2
bij
Λ2
S∂µS +
dij
Λ2
(
S∗∂µS − S∂µS∗ + iS˜†σµS˜
)}
q†iσµqj
+
(
aij
Λ
S +
bij
Λ2
S2 +
dij
Λ2
|S|2
)(
q†iσ
µ∂µqj + qjσ
µ∂µq
†
i
)]
+ h.c..
Here the fermions are written in two-component Weyl fermions qi, S˜. Kinetic terms for
the SM fermions are induced in the last line. With the charge assignment in Eq. (30), the
kinetic terms, e.g. CijQq
†
iσ
µ∂µqj, have the following texture,
CQ ∼

1 2 
2 1 
  1
 , Cd ∼

1  
 1 2
 2 1
 , Cu ∼ Ce ∼ CL ∼

1 2 2
2 1 2
2 2 1
 , (125)
The canonically normalized basis is obtained by redefining the fermions as f → f ′i :=
P ijf fj, where f = Q, u, d, L, e. Here, Pf ’s have the same texture as Cf ’s. We find that
this rescaling keeps the texture of the Yukawa matrices in Eq. (27), changing only O(1)
factors per order.
The first line in Eq. (124) directly gives various four fermi operators which can induce
flavor violation. Let us study two observables, namely Br(µ → eee) and K , which may
give the strongest limits for lepton and quark sectors, respectively. For simplicity, in the
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discussions below, we ignore off-diagonal elements of the unitary matrices for diagonalizing
the mass matrices. The LFV decay, µ→ eee is induced by a operator,∫
d4θ
eL2L1L1L1
Λ2
L†L2LL1L
†
L1
LL1 ⊃ −
eL2L1L1L1
2Λ2
µγµPLe · eγµPLe. (126)
Here, the fermions in the right-hand side are Dirac fermions. Note that the other operators
are more suppressed by Λ due to the ZF4 symmetry. A branching fraction coming from
this operator is given by [168,169]
Br(µ→ eee) ∼ m
5
µ
3072pi3Γµ
|eL2L1L1L1|2
Λ4
(127)
∼ 7× 10−15 ×
( |eL2L1L1L1|
1.0
)2 ( 
0.02
)4(10 TeV
vs
)4
.
This can be consistent with the current experimental bound.
As another example, a four fermi operator relevant to the K-K mixing is given by∫
d4θ
eQ2Q1d1d2
Λ3
SQ†L2QL1d
†
R1
dR2 ⊃
eQ2Q1d1d2
2Λ2
sγµPLd · sγµPRd. (128)
This will give the largest contribution due to the larger hadronic matrix elements of the
left-right type operators [170]. The size of a contribution to K is estimated as
|∆K | = κ√
2∆MK
 · Im (eQ2Q1d1d2)
2Λ2
∣∣OLR1 ∣∣ (129)
∼ 10−2 ×
( 
0.02
)3(100 TeV
vs
)2(Im (eQ2Q1d1d2)
1.0
)
.
The value of the hadronic matrix element OLR1 is shown in Table 4. This is bigger than the
experimental value K = 2.228×10−3 [164] by one order of magnitude. For this correction
to be consistent with the experimental value, Im
(
eQ2Q1d1d2
) ∼ O (0.01) is required unless
vs & 1 PeV. Hence, for the Higgsino LSP case, eQ2Q1d1d2 itself should be suppressed or
aligned with the phase of the SM contribution for some reasons. For the wino LSP case
with vs & 1 PeV, this problem can be evaded. At any rate, the origin of this operator
depends on UV physics. In addition to the four fermi operators in the first line, the second
line of Eq. (124) also induces four fermi operators by the flavon exchanging. However,
these are more suppressed by a ratio of fermion to flavon mass than those from the first
line. Hence, the four fermi operator from the first line would be the dominant one. This
type of Ka¨hler potential will have various combinations of four fermi operators, and then
affect to various flavor violating observables.
In summary, the higher dimensional operators in the Ka¨hler potential will not change
the hierarchical structure of the Yukawa matrices and the Higgs potential, but will only
affect to O (1) factors per order. On the other hand, these can induce new flavor violating
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effects and would put strong lower bounds on the flavon VEV vs. However, it depends on
how the operators are realized in an UV completion of this model. In the main text of
this paper, we studied contributions which always exist as long as the Yukawa hierarchy is
explained by the superpotential Eq. (20). Note that the Yukawa hierarchies and the Higgs
potential are not changed even if the cutoff scale is so large that the flavor violating effects
are sufficiently suppressed. Potential problems of a large cutoff scale will be a relic density
of the LSP and the 125 GeV Higgs boson mass. Detailed study of the higher dimensional
operators in the Ka¨hler potential is left as our future work and will be discussed together
with the UV completion of this model.
C Numerical coefficients
In this paper, we assume  = 0.0195764 = (mu/mt)
1/3. The singular values of Yukawa
matrices Y f (square roots of eigenvalues of Y f†Y f or Y fY f†) are fitted to the values at
1 TeV [171]. For the Yukawa couplings and Majorana neutrino masses, we used O (1)
coefficients (of absolute value) lying in the range of [0.579, 7.11] as below:
cu =

−2.23656 −3.78792 5.07947 · e−2.23037i
−1.8029 1.51612 −0.62796
2.43468 · e0.019714i −2.11793 0.782311
 , (130)
cd =

7.11034 4.75778 4.38956 · e−1.64741i
6.74255 −5.32201 3.39087
2.85434 · e2.96002i −0.578767 −2.59023
 , (131)
ce =

−1.83414 −4.06715 −4.55088
0.814655 −1.04839 −1.16518
−0.702312 1.27439 1.27222
 . (132)
cn =

3.63525 −4.36595 −4.00992
−5.94856 −2.38206 3.74011
−2.19846 −1.4343 0.589928
 , (133)
M = M0

−6.07582 2.75669 4.32291
2.75669 −4.43903 1.68412
4.32291 1.68412 5.09895
 , (134)
where M0 is an overall scale of the Majorana mass. These values together with the
hierarchical structure Eq. (27) lead to the fermion masses (in unit of [GeV]) and CP
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phases of CKM matrix
(mu,mc,mt) = (0.001288, 0.6268, 171.7), (md,ms,mb) = (0.002751, 0.05432, 2.853),
(me,mµ,mτ ) = (0.0004866, 0.1027, 1.746), (αCKM, sin 2βCKM, γCKM) = (1.518, 0.6950, 1.240),
and the absolute values of CKM matrix
|VCKM| =

0.974461 0.224529 0.00364284
0.224379 0.97359 0.0421456
0.00896391 0.0413421 0.999105
 , (135)
where tan β = 5. With M0 = 33.1474 TeV and ` = 3, the neutrino mass differences (in
unit of [eV2]) are
∆m212 = 7.37× 10−5, ∆m223 = 2.56× 10−3, (136)
and the PMNS angles are
sin2 θ12 = 0.297, sin
2 θ23 = 0.425, sin
2 θ13 = 0.0215. (137)
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